Atmospheric ammonia is harmful to poultry and human health. The effect of ammonia on the intestinal microflora of laying ducks is still unknown. In this study, the effects of atmospheric ammonia and exposure time on the intestinal microflora of laying ducks were investigated using 16S rDNA sequencing technology. The body weight, ovary weight, spleen weight, liver weight, and productive performance of laying ducks were also recorded, and the relationship between intestinal microflora diversity and productive performance was analyzed. The results showed that Bacteroidetes, Firmicutes, and Proteobacteria were the dominant bacterial phyla. At the phylum and genus levels, with the exception of the phylum Firmicutes and the genus Sutterella, the top 10 most abundant phyla and genera differed significantly when the ammonia concentration was increased from 10 to 75 ppm and/or the exposure time was extended from 10 to 30 D. Laying rate was highly significantly lower in ducks exposed to 75 ppm ammonia for 10 D compared with those exposed to 10 ppm ammonia for 10 D. Body, ovary, and spleen weights also decreased when the ammonia concentration was increased. At the genus level, Flavonifractor was highly significantly positively correlated with ovary weight. Methanocorpusculum and Anaerotruncus were significantly positively correlated with ovary weight. Lactobacillus was significantly positively correlated with spleen weight. Phascolarctobacterium, Sphaerochaeta, Erysipelotrichaceae UCG.004, and Lactococcus were significantly positively correlated with spleen weight. These results indicated that ammonia affected the diversity of the intestinal microbiota and the productive performance of laying ducks. Several intestinal microbiota genera were also correlated with organ weights.
INTRODUCTION
The intestine is an important organ for digestion and absorption of nutrients as well as providing an important barrier in poultry. Many different intestinal barrier functions work in combination to resist invasion by pathogenic bacteria and other harmful substances to protect the health of animals (Citi, 2018) . Environmental factors, such as temperature and ammonia concentrations in poultry houses, as well as nutrient levels can affect intestinal health (Kers et al., 2018; Naseem and King, 2018) . Animal intestinal health is the basis of optimal reproductive performance and plays an important role in improving animal productive performance.
Atmospheric ammonia (NH 3 ) is one of the most important putrid and harmful gases in poultry production (David et al., 2015) . As the scale and inten-sity of poultry breeding increases, the harm associated with ammonia is becoming more relevant Naseem and King, 2018) . Ammonia has a pungent odor that irritates the respiratory mucosa, conjunctiva, and cornea at high concentrations (Gaafar et al., 1992) . According to the National Institute of Safety and Health Administration and the Occupational Safety and Health Administration (OSHA), the highest acceptable levels of ammonia in poultry houses are between 25 and 50 ppm. These levels were established on the basis of human safety. However, levels of atmospheric ammonia inside poultry houses often reach 85 ppm and can sometimes exceed 100 ppm (Nimmermark and Gustafsson, 2005) . A previous study showed that broiler chicken body weight (BW) was significantly lower and mortality was higher in chickens kept in environments with 75 ppm ammonia compared with 0 ppm (Miles et al., 2004) . The high concentrations of ammonia found in poultry houses directly endanger the respiratory tract, immune function (Wei et al., 2015; Xiong et al., 2016) , health, and growth performance of poultry (Soliman et al., 2017) , cause a variety of diseases, and result in economic losses (David et al., 2015; Zhang et al., 2015) . Studies have also shown that high concentrations of atmospheric ammonia induce alterations in gene and protein expression, these genes and proteins are related to lipid metabolism, apoptosis, cell structure and growth, immune response, oxidative stress, and nutrient metabolism Yi et al., 2016) . Therefore, it is necessary to find an effective way to control ammonia concentrations in indoor environments.
At present, studies on the effects of ammonia on poultry have focused mainly on broilers and laying hens, the influence of ammonia on ducks has rarely been studied. However, the housing of meat and laying ducks in China is gradually changing from outdoor or semi-outdoor to indoor. Therefore, the harm associated with ammonia is expected to become an important issue in ducks production.
Traditional microbial identification methods are often insufficient to identify a large number of complex microbes. Therefore, with the rapid development of biotechnology, molecular identification based on genomic sequencing has attracted widespread attention. 16S rDNA amplification sequencing technology has become an important means to study microbial community composition in environmental samples (Youssef et al., 2009; Caporaso et al., 2011; Hess et al., 2011) . In poultry, 16S rDNA amplicon sequencing is also widely used in microbial diversity and community composition studies (Atapatu et al., 2017; Pandit et al., 2018) .
In this study, we investigated the effect of ammonia on the productive performance and intestinal microflora of ducks by altering environmental ammonia concentrations. Our results provide a theoretical basis for adjusting the intestinal microbiota by adding beneficial bacteria to duck feed, reducing atmospheric ammonia concentrations, and ensuring healthy production. This study also helps to clarify the mechanism by which harmful gases affect the health of laying ducks.
MATERIALS AND METHODS

Experimental Animals and Sample Collection
One hundred and twenty Shanma ducks were obtained from Fujian Shanma Duck Breeding Farm (Longyan, China). All experimental and sample collection procedures were performed according to the standards for the administration of experimental practices (Jiangsu, china, 2008) . The ducks were separated rearing in two same size rooms after the end of brooding period, and 3 net pets each room, 2.2 square meter each net pet,18 ducks each net pet. The ducks were reared with the same diet and free feeding. Two rooms were equipped with ammonia control device, respectively. The concentration of ammonia was artificially controlled with 10 ppm in one room, and with 75 ppm in another room during the egg laying period of ducks (from D 200 to 230). The number of eggs produced by ducks in different ammonia concentration was recorded each day. Six ducks were randomly selected from 3 net pets (two ducks in each net pet) in each room at 10 and 30 D exposure to ammonia, respectively. These ducks were weighed, and slaughtered and the ovaries, spleens, and livers were weighed. That is, in this test, ducks were divided into 4 groups: A1 (exposed to 10 ppm ammonia for 10 D), A2 (exposed to 10 ppm ammonia for 30 D), D1 (exposed to 75 ppm ammonia for 10 D), and D2 (exposed to 75 ppm ammonia for 30 D) (6 ducks in each group). The contents of the cecum were collected in a 5 mL Eppendorf tube using elbow tweezers by squeezing along the outer wall of the intestine. Samples were kept frozen at -80
• C until they were sent to Novogene Bioinformatics Technology Co. Ltd. (Beijing, China) for 16S amplification and sequencing. Three cecum content samples from each group were used for 16S sequencing.
DNA Extraction and PCR Amplification
Microbial DNA was extracted from the cecal contents using the sodium dodecyl sulfate method (Sun et al., 2012) . The purity and concentration of DNA were determined by agarose gel electrophoresis. DNA samples were diluted with ddH 2 O in Eppendorf tubes to a final concentration of 1 ng/μL and used as the template for PCR. The V4-V5 region of the bacterial 16S rRNA gene was amplified by PCR using the following primers: 515F (5 -barcode-GTGCCAGCMGCCGCGG-3 ) and 907R (5 -CCGTCAATTCMTTTRAGTTT-3 ). Phusion R High-Fidelity PCR Master Mix with GC Buffer(New England Biolabs Ltd., Beijing, China) was used to amplify PCR products.
Library Construction and Sequencing
The DNA library was constructed using an Ion Plus Fragment Library Kit (Thermo Fisher Co., Shanghai, China). The DNA library quality and quantity were assessed using a Qubit 4 (Invitrogen, NY, USA). After the quality of each sample was verified, 16S sequencing was performed using a Life Ion S5 TM (Thermo Fisher Co.).
Data Analysis
Processing of Sequencing Data First, Cutadapt V1.9.1 (http://cutadapt.readthedocs.io/en/stable/) was used to cut low-quality portions of reads, including adapters, primers, and polyA sequences. Then, each sample was separated according to the barcode to obtain raw reads. Raw reads were BLAST searched against the Gold database (http://drive5.com/ uchime/uchime download.html) using the UCHIME Algorithm (http://www.drive5.com/usearch/manual/ uchime algo.html) to detect and remove chimeric sequences. The remaining sequences were considered clean reads.
Operational Taxonomic Unit Clustering and Species Annotation All clean reads were clustered using Uparse v7.0.1001(http://drive5.com/uparse/). Sequences with >97% identity were clustered into operational taxonomic units (OTUs) and the highest frequency sequence was selected as the representative OTU sequence.
Species annotation was conducted on OTU representative sequences. Species annotation analysis was performed using the SSU rRNA SILVA database (threshold value 0.8∼1) (http://www.arb-silva.de/) with the Mothur method (Schloss et al., 2009 ) to obtain taxonomic information at the kingdom, phylum, class, order, family, genus, and species levels as well as data on the community composition of the samples. For the phylogenetic tree of all OTU representative sequences, fast multiple sequence alignment was carried out using MUSCLE version 3.8.31 (http://www.drive5.com/ muscle/). Finally, the data from each sample was homogenized. Alpha diversity and beta diversity analyses were performed using the homogenized data.
Alpha Diversity The alpha diversity metrics, observed species, Chao1, Shannon, Simpson, abundancebased coverage estimators (ACE), Good's coverage, and whole tree phylogenetic diversity (PD) indices were calculated using Qiime version 1.9.1 (Caporaso et al., 2010) . Dilution, rank abundance, and cumulative curves were drawn using R version 2.15.3 (R Foundation for Statistical Computing, Vienna, Austria). Alpha diversity index differences were analyzed using R and parametric and nonparametric tests were carried out between groups.
Beta Diversity For beta diversity metrics, the unweighted UniFrac distance matrix was calculated and unweighted pair-group method with arithmetic means (UPGMA) cluster trees were constructed using Qiime version 1.9.1. Principal component analysis, principal coordinates analysis (PCoA), and nonmetric multidimensional scaling figures were generated using R scripts. Ade4 and ggplot2 software packages were used to conduct principal component analysis. Weighted gene co-expression network analysis (WGCNA), stats, and ggplot2 software packages were used for PCoA analysis. The vegan package was used for nonmetric multidimensional scaling analysis.
R software (Version 2.15.3) was used for Metastats analysis, and permutation tests between groups at the phylum and genus levels were used to obtain P values. Benjamini and Hochberg false discovery rate tests were used to revise P values. Analysis of similarity, multiple response permutation procedure, and Adonis analyses were carried out using the R vegan package. Analysis of molecular variance analysis was performed using Mothur software. Analysis of significant differences between groups was performed using the T˙test package of R.
Statistical Analysis
Statistical analysis for performance measures and species difference between groups were conducted using independent-sample t-test analysis of the software package SPSS10.0 (SPSS Inc., Chicago, IL). The data were presented as mean ±SEM. A P-value <0.05 was considered statistically significant.
Statistical analysis for species abundance data among groups was using MetaStat analysis of R software, p value was obtained by hypothesis test, and q value was obtained by p value correction. Finally, the species with significant difference among the groups were screened out according to q value.
Correlation Analysis
Spearman's correlation analysis was conducted using the R vegan package to study the relationship between microbial species richness (alpha diversity) and productive performance. The Spearman correlation coefficient, also called the rank correlation coefficient, is a linear correlation measure that uses the rank of two variables to calculate the correlation coefficient and P value between two factors.
RESULTS
Productive Performance of Ducks
The BW, ovary weight (OW), spleen weight (SW), liver weight (LW), and egg production rate of ducks in the different groups were measured and compared (Table 1 ). The results showed that BW was significantly lower in exposed to 75 ppm ammonia for 30 D group (D2) compared with exposed to 10 ppm ammonia for 10 D (A1), 75 ppm ammonia for 10 D (D1), and 10 ppm ammonia for 30 D (A2) groups. OW was significantly lower in exposed to 75 ppm ammonia for 10 D (D1) and 75 ppm ammonia for 30 D (D2) groups compared with exposed to 10 ppm ammonia for 10 D (A1) group. SW was significantly lower in exposed to 10 ppm ammonia for 30 D (A2) and 75 ppm ammonia for 30 D (D2) groups compared with exposed to 10 ppm ammonia for 10 D (A1) or 75 ppm ammonia for 10 D (D1) group. The egg production rate was high significantly lower in group exposed to 75 ppm ammonia for 10 D (D1) compared with exposed to 10 ppm ammonia for 10 D (A1), 10 ppm ammonia for 30 D (A2), and 75 ppm ammonia for 30 D (D2) groups.
Summary of Sequencing Data
A total of 960,704 clean reads were obtained after deleting low quality sequences. The average number of Note: A1: 10 ppm ammonia for 10 D group (n = 6). D1: 75 ppm ammonia for 10 D group (n = 6). A2: 10 ppm ammonia for 30 D group (n = 6). D2: 75 ppm ammonia for 30 D group (n = 6). Different lowercase letters indicate significant differences between groups (P < 0.05). Same lowercase letters indicate no significant differences between groups(P > 0.05). sequences per sample was 80,058.6 ± 5,726.94 (Table  S1) . A total of 6,225 OTUs were obtained using an OTU cutoff of 97% similarity. The results are shown in Figure 1 .
Variations in Alpha Diversity
Seven different alpha diversity indices, including observed species, Shannon, Simpson, ACE, Chaol, Good's coverage, and whole tree PD, were used to assess the sequence richness of samples and analyze diversity (Table S2). Tukey and Wilcox tests were used to analyze differences in species diversity between groups ( Table 2 ). The results of Good's coverage Wilcox tests indicating no significant differences between groups (P > 0.05). Shannon and Simpson indices, which reflect microbial community diversity, demonstrated no significant differences between any two groups among the four groups (P > 0.05). Chao1, ACE, whole tree PD, and observed species Wilcox tests, which reflect microbial community abundance, demonstrated highly significant differences between groups A2 and D2 (P < 0.01). Whole tree PD Wilcox tests demonstrated significant differences between groups A1 and D1 (P < 0.05), whereas observed species Wilcox tests demonstrated significant differences between D1 and D2 (P < 0.05).
Common and unique OTUs between different groups were analyzed based on OTU cluster analysis. The Venn diagram is shown in Figure 2 . There were 424 common OTUs among the four groups, and 35, 34, 24, and 20 unique OTUs in groups A1, A2, D1, and D2, respectively.
Variations in Beta Diversity
PCoA was used to visualize differences in cecal microbial composition across the four groups. PCoA plots based on the unweighted UniFrac distance matrices showed that replicates from ducks exposed to the same ammonia concentration and exposure time were closer than samples from ducks exposed to different concentrations of ammonia and different exposure times ( Figure 3A) . Principal component 1, the first principal coordinate, represented 30.29% of the total detected microorganisms, whereas principal comp 2, the second principal coordinate, represented 13.25%.
UPGMA was used to construct a cluster tree based on unweighted UniFrac distance. The relationships between cecal microbial communities from the 12 samples are shown in Figure 3B . Samples from group A1 were located closest to group A2, followed by group D1, and were farthest from group D2. These results confirmed that high concentrations of ammonia and long exposure times have an obvious impact on cecal microbial abundance ( Figure 3B ).
Analysis of Cecal Microbiota at the Phylum and Genus Levels
The main interest of this research was whether ammonia concentrations and exposure time have an effect on cecal microbial diversity. Thus, microbial structure was studied at the phylum and genus level. A columnar accumulation map of relative microbial abundance was generated using the top 10 most abundant microbial species in each sample. The results showed that the relative abundance of microbial species changed at the phylum and genus levels (Table S3 , S4, and Figure 4) .
At the phylum level, Bacteroidetes, Firmicutes, and Proteobacteria were the dominant bacterial phyla. In groups A1, D1, A2, and D2, these 3 bacterial phyla accounted for 89.24%, 97.56%, 84.73%, and 93.11% of the entire microbiota, respectively. The fact that the abundance of these 3 phyla was higher in ducks exposed to high concentrations of ammonia (groups D1 and D2) than in those exposed to low concentrations of ammonia (groups A1 and A2) indicated that ammonia affected these three bacterial phyla. Among these phyla, Bacteroidetes was the most abundant in all four groups, and its abundance was significantly higher in ducks exposed to 75 ppm ammonia for 10 D (group D1) compared with ducks exposed to 10 ppm ammonia for 10 D (group A1). The genus Bacteroides, belonging to the phylum Bacteroidetes, was detected at higher concentrations in ducks exposed to 75 ppm ammonia for 10 D, in accordance with the phylum Bacteroidetes. In contrast, the abundance of the genus Prevotellaceae UCG-001, also belonging to the phylum Bacteroidetes, was lower in ducks exposed to 75 ppm ammonia for 10 D.
At the phylum level, Firmicutes was the second most abundant phylum in all four groups, and its overall abundance was not significantly changed by ammonia exposure. However, the abundance of specific members of Firmicutes was notably altered. For example, different concentrations of ammonia and exposure times significantly altered the abundance of the genus Megamonas. The abundance of the genera Butyricicoccus and Phascolarctobacterium also differed between the 4 groups.
The phylum Proteobacteria was the third most abundant phylum detected in all 4 groups. However, the abundance of Proteobacteria was lower in ducks exposed to 75 ppm ammonia for 10 D than in those in the other groups. Regarding members of the phylum Proteobacteria, the abundance of the genus Desulfovibrio was significantly higher in ducks exposed to 75 ppm ammonia for 30 D compared with the other 3 groups, whereas the abundance of the genus Sutterella was not significantly different between the 4 groups.
In addition to the phyla and genera mentioned above, the abundance of the phyla Fusobacteria, Spirochaetes, Euryarchaeota, Lentisphaerae, Cyanobacteria, Tenericutes, and Verrucomicrobia were all affected by ammonia concentration and/or exposure time to some extent. The abundances of the genera Fusobacterium, Brachyspira, and Methanocorpusculum, belonging to Fusobacteria, Spirochaetes, and Euryarchaeota, respectively, were significantly different between at least two groups.
A Community Compositional Heat Map Combined with a Cluster Analysis
As shown in Figure 5 , the top 35 most abundant genera were clustered and plotted using R software. Comparing the four groups, genera with relatively higher abundances in the corresponding samples are shown in red, and those with relatively lower abundances are shown in blue.
Prevotellaceae UCG-001, Lachnoclostridium, Succinatimonas, [Eubacterium] coprostanoligenes group, Sphaerochaeta, Flavonifractor, Anaerotruncus, and Oscillospira were more abundant in group A1. Rikenellaceae RC9 gut group and Fusobacterium were more abundant in group A2. Butyricimonas, Pseudoflavonifractor, Subdoligranulum, Succinivibrio, and Prevotellaceae Figure 5 . Heat map analysis of samples from the four groups. A heat map showing the abundances of the top 35 most abundant genera were clustered and plotted using R software. Red represents genera with relatively higher abundances in the corresponding sample, whereas blue represents genera with relatively lower abundances.
NK3B31 group were more abundant in group D1. Butyricicoccus, Megamonas, Brachyspira, and Ruminococcaceae UCG-005 were more abundant in group D2.
Correlation Analysis of Intestinal Microflora with Body Weight, Ovary Weight, and Spleen Weight at the Genus Level Correlations between the top 35 most abundant genera and BW, OW, and SW were analyzed. The results showed that Flavonifractor (r = 0.752, P = 0.005) was highly significantly positively correlated with OW. Methanocorpusculum (r = 0.581, P = 0.048) and Anaerotruncus (r = 0.692, P = 0.013) were significantly positively correlated with OW. Phascolarctobacterium (r = 0.633, P = 0.027), Sphaerochaeta (r = 0.671, P = 0.017), and Erysipelotrichaceae UCG.004 (r = 0.593, P = 0.042) were significantly positively correlated with SW. No genera were significantly correlated with BW ( Figure 6 ).
We also assessed whether some low-abundant bacteria, including Bacillus, Bifidobacterium, Brachyspira, Campylobacter, Escherichia, Shigella, Lactobacillus, Lactococcus, and Ruminiclostridium, were correlated with BW, OW, or SW. The results showed that Lactobacillus (r = 0.822, P = 0.001) was highly significantly positively correlated with SW, and Lactococcus was significantly positively correlated with SW (r = 0.608, P = 0.03; Figure 7 ). 
DISCUSSION
In this study, the effect of ammonia on ducks productive performance was discussed. The effect of ammonia on the cecal microflora of ducks was accessed by 16S rDNA amplification. And correlations were used to analyze relationships between intestinal microflora, productive performance, and ammonia exposure.
The Effects of Ammonia on Productive Performance
Ammonia levels in poultry facilities reported in the literature vary widely from 0 to 110 ppm (Miles et al., 2004) . Ammonia production in poultry houses can negatively affect the health of birds, weaken the immune response (Wei et al., 2015) , and impair the productive performance of broilers (Yahav et al., 2004; Miles et al., 2004) . One study showed that exposure to 70 mg/kg (equal to 92.24 ppm) ammonia decreased the relative SW of broilers (Aziz and Barnes, 2010) . Another study in broilers showed that BW was significantly lower in ducks exposed to 50 and 75 ppm ammonia than in those exposed to 0 ppm (Miles et al., 2004) . However, it was not clear whether ammonia had a similar negative effect on ducks. In this study, the BW and SW of ducks exposed to 75 ppm ammonia for 30 D was lower than in those exposed to 75 ppm for 10 D. SW was also lower in ducks exposed to 10 ppm ammonia for 30 D compared to those exposed for 10 D. These results illustrate that ammonia damages duck health, especially the spleen, and that higher ammonia concentrations cause more obvious damage. Furthermore, the egg production of ducks exposed to 75 ppm ammonia for 10 D was lower than that of ducks exposed to 10 ppm ammonia for 10 D, indicating that exposure to high concentrations of ammonia even for short periods of time has an obvious effect on egg production, possibly as a result of ammonia stress. However, the egg-laying rate did not differ between ducks exposed to ammonia for 10 D and those exposed for 30 D, even at ammonia concentrations of 75 ppm, suggesting that Shanma ducks may have adapted to severe environments. Interestingly, the egg production records showed that the rate of egg production in the 75 ppm ammonia concentration group was decreased from the second day and recovered from the eleven day as compared with that of in the 10 ppm concentration group, this indicated that this 10 D is the sensitive and adaptive period of ducks to ammonia.
The Effects of Ammonia on Intestinal Microflora
Our results characterize for the first time the effect of ammonia on the intestinal microbiota of ducks. Through seven different alpha diversity indices (observed species, Shannon, Simpson, ACE, Chaol, Good's coverage, and whole tree PD), the richness and diversity of cecal samples were analyzed. The Good's coverage indices, which reflect the sequencing depth of samples, were 0.999 or 0.998 (Table S2 ), indicating that the sequencing depth of each sample was sufficient. Tests of Shannon and Simpson indices, which reflect community species diversity, demonstrated no significant differences between groups. In contrast, Chao1, ACE, whole tree PD, and observed species indices reflect community species richness. Chao1, ACE, whole tree PD, and observed species Wilcox tests demonstrated that richness was significantly higher in group A2 (10 ppm ammonia for 30 D) compared with group D2 (75 ppm ammonia for 30 D). Whole tree PD Wilcox tests demonstrated that richness was significantly higher in group A1 (10 ppm ammonia for 10 D) compared with group D1 (75 ppm ammonia for 10 D). Observed species Wilcox tests demonstrated significantly higher richness in group D1 (75 ppm ammonia for 10 D) compared with group D2 (75 ppm ammonia for 30 D). These results demonstrate that exposure to high concentrations of ammonia has an obvious effect on cecal microbial abundance, and this effect becomes more obvious as exposure time increases.
PCoA analysis showed distinct separations between species from the four groups, but the microbial community composition was similar within groups. At the phylum level, UPGMA analysis showed that the relative abundance distribution of microbial species in group A1 was clustered closest to group A2, followed by group D1, and was farthest from group D2, suggesting that microbial communities change as ammonia concentration and exposure time increase. This change was most obvious in ducks exposed to 75 ppm ammonia for 30 D (group D2).
In the animal gastrointestinal tract (GIT), the phyla Firmicutes and Bacteroidetes account for >98% of all 16S rRNA sequences (Ley et al., 2006) . The phylum Bacteroidetes is very diverse. Members of Bacteroidetes have colonized many different ecological niches, including soil, oceans, freshwater, and the GIT of animals, where they perform various biological functions (Thomas et al., 2011) . Bacteroidetes is also a common phylum in the intestine and is found in the microbiota of various mammals, such as mice (Weldon et al., 2015) , dogs (Deng and Swanson, 2015) , and pigs (Leser et al., 2002) . Members of Bacteroidetes are also found in the GIT of domesticated and wild birds, such as chickens (Zhu et al., 2002) , turkeys (Scupham et al., 2008) , geese (Lu et al., 2009) , and ducks (Wang et al., 2018) . Several studies have shown that Bacteroidetes play roles in normal GIT development (Lumpkins et al., 2010) and host health (Mazmanian et al., 2008; Wen et al., 2008) . Members of this phylum can degrade high molecular weight compounds such as carbohydrates and proteins in the intestine, thereby helping the host acquire nutrients from the diet (Tremaroli and Backhed, 2012) . In this study, the abundance of Bacteroidetes was significantly higher in group D1 than in group A1 but was not significantly different between groups D2 and A2. In addition, we found that the egg production rate was significantly lower in group D1 than in group A1, but there was no significant difference between groups D2 and A2. It is possible that a high abundance of Bacteroidetes may negatively affect the egg production rate of ducks. Therefore, we also performed correlation analysis between the abundance of Bacteroidetes and the egg production rate. The results (sig = -0.622, P = 0.041) showed that Bacteroidetes may play an important role in egg-laying performance. This is the first report of the correlation of Bacteroidetes on egg production in poultry, and more research is needed to explore the possible mechanisms.
A previous study in chickens showed that the phylum Firmicutes was the most dominant bacteria in the ceca of 1-and 3-day-old chickens, whereas the phylum Bacteroidetes was the most dominant bacteria in 16-day-old chickens (Polansky et al., 2015) . In the current study, in which all ducks were adults, Bacteroidetes was the most abundant phylum in all four groups, which is in accordance with the results of studies in chickens.
At the phylum and genus levels, with the exception of the phylum Firmicutes and the genus Sutterella, the abundances of all 10 most abundant phyla and genera were significantly different between at least two groups. This shows that ammonia causes changes in the intestinal microflora at the phylum and genus levels. These changes in intestinal microflora may also be related to changes in productive performance.
Correlation Between Production Performance and Intestinal Microflora
In recent years, studies have shown that the intestinal microflora affects productive performance and immune responses in poultry. For example, the intestinal microbiota contributes to the immune system, physiology of the GIT, and productivity in poultry (Clavijo and Florez, 2018) . In Cherry Valley ducks fed a diet containing Bacillus subtilis, BW and relative immune organ weights were significantly higher and innate immune responses and resistance against Escherichia coli and novel duck reovirus were improved (Guo et al., 2016) . These results show that the intestinal microbiota plays an important role in regulating animal health.
In a previous study, correlation analysis showed that Phascolarctobacterium, Proteus mirabilis, and Veillonellaceae were positively correlated with BW and fat mass in rats. In that study, Lactobacillus intestinalis was the only species whose abundance was negatively correlated with changes in BW and fat mass (Lecomte et al., 2015) . However, a study in poultry showed that the addition of Lactobacillus to feed significantly reduced concentrations of ammonia in chicken houses, significantly decreased the number of E. coli in the cecum, and significantly increased the abundance of Lactobacillus . Dietary Lactobacillus also has a positive effect on growth performance and gut microbiology in chickens (Forte et al., 2018) . In this study, we found that Lactobacillus was significantly positively correlated with SW but found no significant correlations with BW and OW. The differences between our results and the previous study may be due to the fact that Lactobacillus plays different roles in different species and at different developmental stages, or may be related to differences in the experimental environments.
Phascolarctobacterium has been found to produce acetate and propionate and is associated with host metabolic state and mood (Wu et al., 2017; . Studies have proposed that Phascolarctobacterium faecium is highly abundant in the human GIT and exerts beneficial effects on the host (Dot et al.,1993; Wu et al., 2017) . In this study, we found that the genus Phascolarctobacterium was positively correlated with SW. Therefore, we suggest that Phascolarctobacterium may play a role in maintaining normal spleen functioning.
Sphaerochaeta are members of the phylum Spirochaetes. Recent studies have shown that members of the genus Sphaerochaeta are unique spirochetes that lack all genes for the motility apparatus as well as associated signal transduction genes that are present in all other sequenced spirochete genomes (Caro-Quintero et al., 2012) . However, the reason for the absence of these genes in members of the genus Sphaerochaeta is not clear. At present, little is known about the role of Sphaerochaeta in the intestine, and this is the first time that cecal Sphaerochaeta have been shown to be positively correlated with SW.
In this study, we also found that Erysipelotrichaceae UCG.004 was positively correlated with SW. The genus Erysipelotrichaceae UCG.004 belongs to the family Erysipelotrichaceae. Studies have shown that Erysipelotrichaceae is associated with host lipid metabolism (Martinez et al., 2013) and inflammation-related gastrointestinal diseases (Chen et al., 2012; Zhu et al., 2014) . Furthermore, Erysipelotrichaceae has been associated with diet-induced obesity (Etxeberria et al., 2015) . Therefore, recognition of the role of Erysipelotrichaceae in host physiology and disease is increasing (Kaakoush, 2015) . However, little is known about Erysipelotrichaceae UCG.004, and whether Erysipelotrichaceae UCG.004 plays a similar role as Erysipelotrichaceae is not yet known.
A previous study showed that the abundance of Flavonifractor plautii was significantly higher in nonobese individuals than in obese individuals in a Japanese population (Kasai et al., 2015) , suggesting that F. plautii is related to BW. In this study, the genus Flavonifractor was positively correlated with the OW of ducks, which suggests that Flavonifractor may be involved in ovary development.
To date, the genus Methanocorpusculum has been cultured and detected in or from the rumen environment by sequencing (Chaudhary et al., 2012; Hong et al., 2011; St-Pierre et al., 2015) . However, the functions of Methanocorpusculum are not known. A recent study showed that the distribution and structure of the intestinal microflora (including Incertae Sedis, Anaerovorax, Anaerotruncus, and Helicobacter) were changed after ovariectomy in rats . In this study, we found that Methanocorpusculum and Anaerotruncus were positively correlated with OW. These results indicate that these species may play a role in regulating the productive performance of ducks.
In conclusion, in this study we found that ammonia caused changes in the abundance of cecal microflora and resulted in a decline in productive performance. These changes were more obvious at higher ammonia concentrations and longer exposure times. At the genus level, we found that several species were positively or negatively correlated with SW and OW. These findings will help improve our understanding of the possible mechanism by which harmful gases affect the health of laying ducks.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online. Table S1 . Clean 16S rDNA sequence reads for each duck. Table S2 . Alpha diversity analysis of twelve samples. Table S3 . Relative abundance of cecal microbiota at the phylum level in the four groups. Table S4 . Relative abundance of cecal microbiota at the genus level in the four groups.
